Spacing patterns are of fundamental importance in various repeated structures which develop at regular intervals such as feathers, teeth and insect ommatidia. The mouse tongue develops a regular papilla pattern and provides a good model to study pattern formation. We examined the expression patterns of the signalling molecules, sonic hedgehog (Shh), bone morphogenetic proteins -2 and -4 (Bmp-2 and Bmp-4), and fibroblast growth factor-8 (Fgf-8) in mouse embryos between E 10.5 and 15. We show that all four genes are expressed uniformly in the tongue epithelium between E 10.5 and 11. At E 13, before morphologically detectable gustatory papillae initiation, Shh, Bmp-2 and Bmp-4 expression segregates into discrete spots, whereas, Fgf-8 is downregulated. At E 14, small eminences in the anterior part of the tongue are the first morphological indications of fungiform papillae, and they express Shh and Bmp-2, whereas, Bmp-4 is almost absent in the tongue. We conclude that these conserved signalling molecules are associated with the initiation and early morphogenesis of the tongue papillae.
Results
One of the simplest and frequently observed embryonic patterns is the maintenance of a minimum distance between repetitive neighbouring elements, namely spacing patterns (Wolpert, 1971; Wolpert and Stein, 1984) . We examined the expression patterns of Shh, during the formation of tongue papillae in mouse embryos between E 10.5 and E 15 by wholemount in situ hybridization. These signalling molecules regulate early stages in organogenesis and form signalling networks which have been recently analyzed in many organs including the tooth bud (Thesleff and Sharpe, 1997) , limb bud (Tickle, 1995) and feather bud (Jung et al., 1998) . Feather patterning, in particular, is initiated by a continuous stripe of Shh, Fgf-4 and Ptc (Patched) expression in the dorsal feather tract of chick embryos, which then segregates into discrete feather buds that are more strongly Shh, Bmp-2, Bmp-4 and Fgf-4 positive (Jung et al., 1998) .
At E 10.5, the presumptive tongue is seen as two lateral swellings divided by a median sulcus. Shh, are expressed weakly in the lateral swellings, but not in the median sulcus (Fig. 1A-D) . Frontal vibratome sections show that Shh, are strongly expressed in the dorsal tongue epithelium and Bmp-4 and Fgf-8 are also expressed more diffusely in the underlying tongue mesenchyme ( Fig. 2A-D) .
At E 11, the expression of Shh, Bmp-2, Bmp-4 and Fgf-8 are upregulated relative to E 10.5 ( Fig. 1E-H) . All four signals share a similar expression domain with highest levels of expression in the periphery and an apparent downregulation in the central area of the developing tongue. Shh, are also expressed in the developing incisor and molar tooth buds.
Interestingly, at E 12, Shh, Bmp-2 and Bmp-4 expression are altered from occupying the entire tongue region and they have become restricted to specific locations in the developing mouse tongue (Fig. 1I-K) . Morphologically, the dorsal tongue epithelium is homogeneous with no evidence of gustatory papillae (Kaufman, 1992) . Shh, Bmp-2 and Bmp-4 transcripts are expressed as discrete spots all over the posterior part of tongue, whereas, these transcripts are weakly expressed in rows of spots running parallel to the median sulcus in the anterior part of tongue. Fgf-8 is down- regulated (Fig. 1L) . Frontal vibratome sections show that Shh is expressed in spots in the dorsal epithelium with stronger expression in the medial area than in the lateral areas (arrows) (Fig. 2E) . Bmp-2 transcripts are localized in two areas in the dorsal epithelium adjacent to the median sulcus (Fig. 2F) , whereas, the expression of Bmp-4 is localized at random intervals (Fig. 2G) . Very weak Fgf-8 expression (arrows) is seen in the dorsal epithelium (Fig. 2H) .
At E 13, Shh, Bmp-2 and Bmp-4 expression continue to be restricted to individual spots which have increased in number from E 12 (Fig. 1M-O ). All three genes share similar expression patterns in punctate patches at regular intervals, which are often symmetrically located in rows at both sides of the median sulcus. Frontal vibratome sections (levels indicated in Fig. 1M-O) show that Shh, Bmp-2 and Bmp-4 are expressed in the dorsal epithelium (Fig. 2I-K) . Higher magnification of Bmp-4 expression in a vibratome section shows that the expression is specifically localized in a spot containing about 6-8 cells which appear histologically identical to neighbouring epithelial cells (Fig. 2L) .
At E 14, small eminences on the anterior part of the tongue are the first morphological indications of fungiform papillae (Mbiene et al., 1997) . Shh and Bmp-2 transcripts continue to be expressed in discrete spots, whereas, weak expression of Bmp-4 (arrow) is detected in fewer spots as compared with E 13, with some spots in the anterior part of tongue (Fig. 1P-R) .
At E 15, Shh transcripts continue to be expressed in the individual spots in a similar pattern as at E 14 (Fig. 1S ).
Weak expression of Bmp-2 is detected in fewer spots as compared with E 14 in the anterior part of the tongue and Bmp-4 is completely downregulated (Fig. 1T,U) . Frontal vibratome sections show that Shh is intensely expressed in the epithelium and restricted to the papilla epithelium (Fig.  2M) . Bmp-2 (arrow) is weakly expressed in the peripheral epithelial cells of the papillae (Fig. 2N) . Expression of Bmp-4 has been completely downregulated in the dorsal epithelium (Fig. 2O) .
Our results show that signalling molecules, which have been implicated in the regulation of morphogenesis of a number of other epithelial appendages, are associated with the initiation of tongue papilla formation. The mechanisms whereby the initially uniform expression of the signalling molecules become restricted to the sites of forming papillae and how their patterns are established are fascinating problems.
Methods
The embryonic age of the hybrid mice (CBA X NMRI) was determined from the day of the vaginal plug (=day 0). Wholemount in situ hybridization was performed with digoxigenin-labelled mRNA probes as described by Wilkinson (1992) . For vibratome sectioning, embryos were embedded in a gelatin/albumin mixture and cut with a vibratome at 80-100 mm as described previously (Bober et al., 1994) . 
